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1 ABSTRACT 

The current overflow on the crude oil market must not obscure t h e  fact that 
world oil resources are limited. Instead, it must be our goal to develop 
practicable concepts for the conversion of fossil raw materials and optimize 
their economic viability. The joint development programme of the Rheinische 
Braunkohlenwerke AG and the Union Rheinische Braunkohlen Kraftstoff AG for 
the catalytic hydrogenation of fossil raw materials in the liquid phase 
aims at this goal. 

In a continuously operating process development unit extensive investigations 
have been carried out focussing on: 

- conversion of lignite, 
- development of catalysts based on lignite coke, 
- conversion of heavy residual oils, 
- conversion of mixtures of lignite and residual oils (coprocessing). 

In this paper the results of these investigations are discussed. 

A comparison of lignite liquefaction and coprocessing elucidates the advantage 
of coprocessing. Thanks to a change in the process route and a yield-improving 
synergistic effect, coal liquefaction via coprocessing will reach economic 
viability earlier than the liquefaction of coal alone. 

2 RESEARCH AND DEVELOPMENT PROJECTS TO CONVERT FOSSIL RAW MATERIALS 

In view of the future situation in the crude oil market where oil less in 
quantity and quality will be available it is necessary to develop practicable 
concepts for the conversion o f  fossil fuels. 

In the field of refining, e.g., there are several processes permitting the 
conversion of heavy residual oils or even extra-heavy crude oils into lower- 
boiling products. Some of these processes have for quite some time been 
applied on an industrial scale; they include coking, deasphaltization, and 
H-oil processes. Limiting factors in respect of process application are 
the quality of feed oils (content of heavy metals) and/or the quality of 
by-products (petrol coke). 

The process suitable for use in a much wider field of application is the 
conversion of fossil fuels in liquid-phase hydrogenation; it is based on 
coal liquefaction according to Bergius-Pier, a process which can look back 
on many years of application. In our group, e.g., it was used from 1941 
to 1964 to process lignite and heavy oil on a commercial scale. 

The development programne on which the Rheinische Braunkohlenwerke AG (Rhein- 
braun) and the Union Rheinische Braunkohlen Kraftstoff AG (Union Kraftstoff) 
have been cooperating since 1978 and which deals with the hydrogenation 
of fossil fuels to make high-grade liquid hydrocarbons centres around the 
following: 
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- h y d r o l i q u e f a c t i o n  o f  l i g n i t e ,  
- hyd ro l i que fac t i on  o f  res idua l  o i l s ,  
- hyd ro l i que fac t i on  o f  mix tures o f  l i g n i t e  and res idua l  o i l s  (coprocess ing) ,  
- development of s u i t a b l e  c a t a l y s t s  based on l i g n i t e  coke. 

I n  i t s  f i r s t  stage, i . e .  on a process-development scale, we implement the  
development programme w i t h  t h e  aim o f  

- f u r t h e r  developing and op t im iz ing  the  processes appl ied from 1941 t o  1964, 
- determin ing process data, 
- f i n d i n g  out  whether hydrogenation o f  f o s s i l  f u e l s  w i l l  be economical ly v i a b l e .  

Major f i e l d s  of these p r o j e c t s  were and are f i n a n c i a l l y  supported by the  
Federal M i n i s t r y  o f  Research and Technology. 

I n  t h e  fo l l ow ing ,  t h i s  paper w i l l  deal n o t  on l y  w i t h  the  r e s u l t s  obta ined 
i n  the  i n v e s t i g a t i o n s  o f  coprocessing; i n  order t o  f a c i l i t a t e  understanding 
o f  t h i s  sub jec t ,  i t  w i l l  a l so  d iscuss the  r e s u l t s  which a re  achieved i n  
the i n v e s t i g a t i o n s  o f  l i g n i t e  l i q u e f a c t i o n ,  hydrogenation o f  res idua l  o i l s ,  
and development o f  ca ta l ys ts .  

AND RESIDUAL OILS 

Between coal  l i q u e f a c t i o n ,  on t h e  one hand, and hydrogenation o f  m ix tu res  
and r e s i d u a l  o i l s ,  on the  other  hand, t h e r e  i s  a major d i f f e r e n c e  i n  process 
engineer ing ( F i g u r e  1 ) .  Today, convers ion o f  res idues and coprocessing are 
genera l l y  operated i n  a "once-through mode"; con t ra ry  t o  t h i s ,  coal  l i q u e f a c t i o n  
c?!!s f c r  c y c l i n g  s f  the  s l u r r y  o i l ,  and the  opera t i ng  node p re fe rab ly  used 
t o  hydrogenate res idua l  o i l s  i n  t h e  commercial-scale p l a n t s  u n t i l  1964 was 
r e c y c l i n g  o f  t h e  c o l d  separator heavy o i l  and p a r t s  o f  t h e  ho t  separator  
sludge. Since r e c y c l i n g  i s  no longer  requi red,  coprocessing - con t ra ry  t o  
coal hydrogenation - permi ts  a major s i m p l i f i c a t i o n  o f  t he  process rou te .  
In coprocessing, t he  minera l  o i l - d e r i v e d  res idua l  o i l  acts  as s l u r r y  o i l  
which i s  conver ted i n t o  l o w e r - b o i l i n g  products w i thou t  any c y c l i n g  being 
requi red.  

Due t o  today ' s  advanced r e f i n i n g  technique i t  i s  adv isable n o t  t o  r e c y c l e  
the heavy o i l  produced du r ing  hydrogenation, but  t o  hydrocrack i t  and produce 
naphtha and gas o i l  f o r  use i n  t h e  motor f u e l  sector  o r  feedstocks f o r  use 
i n  pet rochemist ry .  

The l i qu id -phase  process b e n e f i t s  from t h e  "once-through mode"; here, t h e  
r e a c t i o n  zone i s  n o t  f i l l e d  w i t h  cyc led  heavy o i l  and, hence, permi ts  f u l l  
charge w i t h  heavy o i l .  

3 FUNDAMENTAL PROCESS DIFFERENCES I N  THE CASE OF HYDROGENATION OF COAL, MIXTURES 

4 TEST INSTALLATION 

SET-UP AND OPERATION OF THE PROCESS DEVELOPMENT U N I T  

F igure 2 shows the  set-up o f  the t e s t  p l a n t  f o r  l i g n i t e  h y d r o l i q u e f a c t i o n .  

This p l a n t  i s  a l s o  used t o  c a r r y  out  t e s t s  on conversion o f  heavy res idua l  
o i l s  and coprocessing. 
The p l a n t  i s  designed f o r  f u l l y  cont inuous operat ion.  
The feedstock i s  p red r ied  powdered l i g n i t e  w i t h  a res idua l  water content  
of up t o  12% w t  and a maximum g r a i n  s i ze  o f  1 mm and/or o i l  w i t h  an i n i t i a l  
atmospheric b o i l i n g  p o i n t  o f  > 510" C .  
The r e a c t i o n  pressure of hydrogenation ranged between 150 and 300 bar .  
The r e a c t o r  has a volume o f  approx. 8 1. Two r e a c t o r s  w i t h  an i nne r  diameter 
of 4.5 cm each are connected i n  se r ies .  The pumps are designed f o r  an hourly 
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throughput o f  coa l  s l u r r y  o r  o i l s  o f  up t o  16 l / h r .  

The average a v a i l a b i l i t y  o f  t h e  p l a n t  was 60% f o r  hydrogenation on t h e  bas is  
o f  coa l  w h i l e  i t  rose t o  more than 80% f o r  hydrogenat ion w i t h  r e s i d u a l  o i l .  

5 LIGNITE HYOROLIQUEFACTION 

5.1 RESULTS OBTAINED DURING TESTS I N  THE PROCESS DEVELOPMENT UNIT 

Wi th in  t h e  scope o f  t h e  l i g n i t e  h y d r o l i q u e f a c t i o n  p r o j e c t s  we performed, 
from 1978 t o  1983, ex tens ive  development work i n  t h a t  process development 
u n i t .  

I n  t h e  f o l l o w i n g ,  the  major r e s u l t s  a re  summarized. 

Y ie lds  as a f u n c t i o n  o f  temperature and gas throughput 

I n  t h e  temperature range under i n v e s t i g a t i o n ,  t h e  o i l  y i e l d s  as a f u n c t i o n  
of  temperature r i s e  f rom 41 t o  48 p a r t s  by weight.  The res idue p o r t i o n  decreases 
from 28 t o  18 p a r t s  by weight, and t h e  amount o f  hydrocarbon gases produced 
r i s e s  f rom 13 t o  26 p a r t s  by weight, each r e l a t e d  t o  100 p a r t s  by weight 
a t  a coa l  throughput, maf, o f  0.5 t o  0.6 k g / l  x hr. 

Through an inc rease i n  t h e  c y c l e  gas amount o f  30% t h e  o i l  y i e l d  r i s e s  t o  
approx. 53 p a r t s  by weight i n  t h e  temperature range under i n v e s t i g a t i o n ,  
wh i le  o n l y  some 12 p a r t s  by weight (F igure  3 )  w i l l  be obtained as res idue.  

I t has no t  y e t  been poss ib le  t o  make d e f i n i t e  statements about whether an 
inc rease i n  t h e  amount o f  c y c l e  gas w i l l  a lso produce h igher  y i e l d s  i n  com- 
merc ia l -sca le  r e a c t o r s  w i t h  d i f f e r e n t  f l u i d  dynamics cond i t ions .  

Y i e l d  as a f u n c t i o n  o f  pressure 

The t e s t s  i n  t h e  process development u n i t  nave shown t h a t  a t  a pressure 
of 220 bar  and w i t h  t h e  same l i n e a r  f l o w  v e l o c i t y  as a t  300 bar  - f o r  t h i s ,  
the  volume o f  c y c l e  gas was reduced from 18 t o  14 m3/hr - the  o i l  y i e l d  
decreases by 3 p a r t s  by weight as a r e s u l t  o f  t h e  lower pressure. The p o r t i o n  
of res idue increases by the  same amount. I n  t h e  temperature range under 
i n v e s t i g a t i o n ,  t h e  hydrocarbon gases correspond t o  t h e  comparative values 
a t  300 bar .  

A t  a pressure o f  150 bar  and w i t h  t h e  same c y c l e  gas v e l o c i t y  as a t  300 bar 
(9 m3/hr)  t h e  process development u n i t  y i e l d s  an amount o f  o i l  which i s  
about 10 p a r t s  by weight lower. 

Recycl ing o f  s u p e r c r i t i c a l  f l u i d  (SCF) e x t r a c t  

Thanks t o  t h e  h igh  e x t r a c t  y i e l d s ,  t h e  s u p e r c r i t i c a l  f l u i d  e x t r a c t i o n  technique 
produced cons iderab ly  higher o i l  amounts and lower p o r t i o n s  o f  res idue than 
would be obtained, i f  convent ional  vacuum d i s t i l l a t i o n  o f  t h e  sludge were 
employed under the  same cond i t ions .  F igure  4 shows a comparison o f  t h e  y i e l d s .  

A f i n a l  judgement on t h i s  technique can on ly  be g iven when t h e  t e s t  r e s u l t s  
t o  be obtained i n  a p i l o t  p l a n t  w i l l  be on hand. 

Sludge r e c y c l i n g  

A c r u c i a l  problem i n  h y d r o l i q u e f a c t i o n  i s  the  fo rmat ion  o f  CaCO3 c o n t a i n i n g  
sediments which g i v e  r i s e  t o  coking. 
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Since par t  of the hot separator  sludge (approx. 20% of the  s lur ry  o i l )  was 
recycled i n t o  t h e  react ion zone, we were able t o  prevent cokings and deposi ts  
in  the reac tors  of t h e  process development u n i t ;  th i s  was due t o  an improved 
f lu id  dynamics r e s u l t i n g  from a be t te r  "carrying capacity" of the  react ion 
mixture which i n  turn was caused by a r i s e  i n  density. 

The y i e l d s  correspond t o  comparative f igures  obtained without sludge recycl ing.  

5.2 PROCESS CONCEPT 

The process concept o f  l i g n i t e  hydroliquefaction cons is t s  of the  following 
s teps:  

- coal drying and s lurrying,  
- hydrogenation i n  the l iquid phase a t  pressures between 200 and 300 bar ,  
- par t ia l  cycling of sludge from the  hot separator  t o  the  s lur ry  o i l ,  - separation of t h e  remaining not separator  product by way of d i s t i l l a t i o n  

or supercr i t ica l  f l u i d  extract ion in to  a so l ids - f ree  o i l  f o r  s lurrying 
and a residue f o r  hydrogen production, - use of HzS as co-ca ta lys t ,  and 

- coal-oi l  re f in ing .  

The question of whether t h i s  process concept can be implemented on a commercial 
scale  has t o  be c leared  u p  i n  two development s tages ,  i .e .  f i r s t  i n  a p i l o t  
plant ,  and then i n  a demonstration plant where i t s  indus t r ia l - sca le  f e a s i b i l i t y  
and i t s  economic v i a b i l i t y  are  t o  be ver i f ied .  

The r e s u l t s  we obtained during operation of the  process development uni t  
formed ;I basis  f o r  t he  basic engineering and authori ty  perni t tance required 
f o r  a l i g n i t e  hydrogenation p i l o t  plant .  In mid-1983, the competent au thor i ty  
granted the building and operating l icences f o r  a plant designed f o r  an 
hourly coal throughput of u p  t o  25 t ( t  - tonne) and t o  be located on the  
grounds of the Union Kraf t s tof f .  

Due t o  econonic considerat ions construct ion of t h i s  p i l o t  plant has been 
postponed because the current  pr ice  of gasoline produced by l i g n i t e  hydrogenation 
i s  s t i l l  about two times as h i g h  as tha t  of petroleum-derived gasol ine.  

6 HYDROLIQUEFACTION OF RESIDUAL OILS 

Within t h e  scope of the  project  dealing w i t h  residual o i l  hydrogenation 
we carr ied out inves t iga t ions  i n  the  process development u n i t  w i t h  the  aim 
of:  

- clear ing u p  the mode of action of liquid-phase c a t a l y s t s  and developing 

- determining y i e l d s  and product q u a l i t i e s  when d i f f e r e n t  residual o i l s  
a s u i t a b l e  c a t a l y s t  on the  basis  of l i g n i t e  products, and 

are used. 

6.1 OEVELOPhiENT OF CATALYSTS 

Frog 1948 t o  1964 when the  commercial-scale liquid-phase plant worked w i t h  
atmospheric d i s t i l l a t i o n  and cracking residues,  entrained dust f r o n  l i g n i t e  
gas i f ica t ion  was used as a base mater ia l  for  developing c a t a l y s t s .  W i t h  
the  addi t ion of fe r rous  s a l t s  t h i s  material const i tuted an e f f i c i e n t  and 
low-priced disposable c a t a l y s t .  

Since today such o r  s imi la r  products from l i g n i t e  gas i f ica t ion  a re  e i t h e r  
no longer ava i lab le  or occur i n  such small quant i t ies  t h a t  are  i n s u f f i c i e n t  
t o  meet comnercial-scale requirements, t e s t s  were made t o  develop a s u i t a b l e  
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and low-pr iced s u b s t i t u t i o n  product which i s  l i k e w i s e  der ived from l i g n i t e  
products. 

The r e s u l t  we obtained i n  t h e  extens ive research work on c a t a l y s t  development 
showed t h a t  t he  f o l l o w i n g  m a t e r i a l s  are p a r t i c u l a r l y  su i tab le :  

- ent ra ined dust from High-Temperature Winkler g a s i f i c a t i o n ,  
- powdered coke from the ro ta ry -hear th  furnace process ( ro ta ry -hear th  furnace 

- steam-activated ro ta ry -hear th  furnace coke. 

For economical reasons, r o t a r y - h e a r t h  furnace coke i s  p re fe rab ly  used (F igu re  5). 

The previous t e s t s  have shown t h a t  t h e  c a t a l y s t s  i n f l u e n c e  not on l y  the  
y i e l d  s t ruc tu re ,  bu t  a lso t h e  performance o f  the hydrogenation p l a n t .  A 
t r o u b l e f r e e  long- t ime performance w i thou t  any temperature inhomogeneity 
and coke deposits i n  the reac to rs  was o n l y  obta ined when a l i g n i t e  coke-der ived 
c a t a l y s t  was added. 

Thanks t o  the successful research work described above we can now p rov ide  
s u f f i c i e n t  q u a n t i t i e s  o f  h i g h l y  s u i t a b l e  and low-pr iced c a t a l y s t s  f o r  copro- 
cess ing and l iqu id-phase hydrogenation o f  r e s i d u a l  o i l s .  

coke), 

Mode o f  a c t i o n  o f  l i qu id -phase  c a t a l y s t s  

The l i gn i te -based  s o l i d  mat ter  which i s  added as c a t a l y s t  t o  the  l i qu id -phase  
process passes s low ly  through the r e a c t o r s  and i s  subsequently discharged 
f rom the hot separator. 

I n v e s t i g a t i o n s  o f  t h i s  s o l i d  mat ter  have shown t h a t  due t o  i t s .  sur face prop- 
e r t i e s  the  c a t a l y s t  used serves as an adsorbent f o r  asphaltenes and c a r r i e s  
them out  o f  t he  r e a c t i o n  zone, thus prevent ing cok ing and coke deposi ts  
there.  We discovered t h a t  i n  t h i s  way up t o  1% w t  o f  the res idua l  o i l  f ed  
was discharged along w i t h  t h e  c a t a l y s t  f rom t h e  process cyc le .  As e lec -  
t ron-microscopica l  analyses have shown, major p a r t  o f  t he  c a t a l y s t  sur face 
i s  preserved i n  t h i s  process. 

F igure 6 compares the  X-ray f luorescence ana lys i s  o f  t he  s o l i d  mat ter  i s o l a t e d  
from the hot  separator sludge w i t h  t h a t  o f  powdered coke. 

For powdered coke, on l y  the components o f  l i g n i t e  ash are i nd i ca ted .  I n  
the  e lect ron-microscopica l  ana lys i s  o f  t he  s o l i d  mat ter  l eav ing  the  ho t  
separator, t he  heavy metals, n i c k e l  and vanadium, occur i n  add i t i on .  This  
i s  an i n d i c a t i o n  t h a t  apar t  from asphaltenes the  l iqu id-phase c a t a l y s t  a l so  
adsorbs t h e  heavy metal components i n  the  res idua l  o i l .  Taking-up o f  t h e  
t r a n s i t i o n  metals w i t h  hydrocrack ing a c t i v i t i e s  a l lows the  c a t a l y s t  t o  s tep 
up i t s  c a t a l y t i c  a c t i v i t y  i n  the  l i q u i d  phase. 

From the  c a t a l y t i c  p roper t i es  o f  t h e  coke alone, a f t e r  having been "ac t i va ted "  
i n  the  l i q u i d  phase and w i t h  account taken o f  the cap tu r ing  e f f e c t  on asphal- 
tenes, we can de r i ve  the f o l l o w i n g  model rep resen ta t i on  o f  the c a t a l y s t ' s  
node o f  ac t i on :  

t he  c a t a l y s t  on the  bas is  o f  l i g n i t e  coke has a hydrocracking e f f e c t  because 
o f  i t s  sur face p roper t i es  and i t s  minera l  composit ion; 
due t o  t h e  absorpt ion o f  n i c k e l  and vanadium the  c a t a l y s t  on the  bas i s  
of l i g n i t e  coke reaches i t s  maximum c a t a l y t i c  a c t i v i t i y  i n  the  l i q u i d  
phase; 
due t o  i t s  sur face p roper t i es  the  c a t a l y s t  on t h e  bas is  o f  l i g n i t e  coke 
acts  as an adsorbent on p o t e n t i a l  coke precursors and c a r r i e s  them out  
of t he  r e a c t i o n  zone; thus, i t  prevents  cok ing and coke deposi ts  there,  
and 
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- under t h e  r e a c t i o n  c o n d i t i o n s  of l iqu id -phase hydrogenat ion the  c a t a l y s t  
on the  b a s i s  of l i g n i t e  coke has a s i m i l a r  f lu id-dynamics behaviour t o  
t h a t  o f  t h e  res idua l  o i l ;  i t  i s  discharged i n  an "once-through mode". 

6 .2  RESULTS OBTAINED WITH DIFFERENT RESIDUAL O I L S  

The cnemical and phys ica l  p r o p e r t i e s  o f  heavy r e s i d u a l  o i l s  s t r o n g l y  vary 
depending on t h e i r  crude o i l  o r i g i n .  Thus, d i f f e r e n t  y i e l d s  and product 
q u a l i t i e s  a re  obtained depending on what feedstock i s  used i n  l iqu id -phase 
hydrogenat ion of heavy r e s i d u a l  o i l s .  Against  t h i s  background, we conducted 
an i n v e s t i g a t i o n  w i t h  t h e  o b j e c t  o f  determining y i e l d s  and product q u a l i t i e s  
f o r  a v a r i e t y  of r e s i d u a l  o i l s  w i t h  most d i f f e r e n t  chemical composit ions 
and, i n  a d d i t i o n ,  d e f i n i n g  optimum r e a c t i o n  c o n d i t i o n s  and opera t ing  modes 
i n  the  process development u n i t .  

F igure  7 c l a s s i f i e s  t h e  d i f f e r e n t  r e s i d u a l  o i l s  by t h e i r  heavy metal contents 
and t h e  p r e v a i l i n g  t y p e  o f  hydrocarbons they  conta in .  

O f  the  crude o i l  types c l a s s i f i e d  i n  F igure  7 ,  we i n v e s t i g a t e d  vacuum and 
v isbreak ing  res idues  i n  the process development u n i t .  I n  doing so, we focussed 
our a c t i v i t i e s  on t h e  i n v e s t i g a t i o n  o f  aspha l tene- r ich  residues since these 
matters would c h i e f l y  be processed i n  an i n d u s t r i a l - s c a l e  p l a n t .  

The r e s u l t s  we obtained i n  t h i s  ex tens ive  i n v e s t i g a t i o n  can be summarized 
as f o l l o w s :  

- depending on t h e  r e s i d u a l  o i l  used t h e  conversion r a t e s  obtained ranged 

- under op t im ized r e a c t i o n  cond i t ions ,  t h e  o i l  y i e l d s  were between 60 and 

- under t h e  same r e a c t i o n  cond i t ions ,  vacuum res idues  produced h igher  o i l  

between 70% and 95%; 

65% I!!?; the r e s i d i e  decreased t o  amounts between 5 and 23% w t ;  depending 
on t h e  feedstock,  t h e  y i e l d  o f  hydrocarbon gases was 5 t o  15% w t ;  

y i e l d s  than corresponding v i s b r e a k i n g  residues; s ince  i t  was poss ib le  
t o  convert  v isbreak ing  residues under more severe r e a c t i o n  c o n d i t i o n s  
than vacuum residues, we ob ta ined comparable y i e l d  d i s t r i b u t i o n s  f rom 
both  products;  

- r e s i d u a l  o i l s  r i c h  i n  asphaltene and heavy metals showed a smal ler  tendency 
towards cok ing  i n  t h e  reac tors  than naphthene- and p a r a f f i n - r i c h  r e s i d u a l  
o i l s  w i t h  lower heavy metal  contents.  

7 COPRDCESSING RESULTS 

Wi th in  t h e  scope o f  t h e  coprocessing i n v e s t i g a t i o n s ,  i t  was examined whether 
mixtures of d r y  l i g n i t e  and r e s i d u a l  o i l s  can be processed under l iqu id -phase 
c o n d i t i o n s  as w e l l .  

The t e s t s  i n  the  process development u n i t  demonstrated t h e  t e c h n i c a l  f e a s i b i l i t y  
of coprocessing; i n  t h i s  case, approx. 30% o f  the  vacuum res idue was replaced 
by d r y  l i g n i t e ;  bu t  almost t h e  same y i e l d  d i s t r i b u t i o n  was obtained. 

Under opt imal cond i t ions ,  coprocessing y i e l d e d  conversion r a t e s  o f  about 
90%. I n  t h e  temperature range under study and w i t h  d i f f e r e n t  r e a c t o r  through- 
puts, we ob ta ined o i l  y i e l d s  o f  approx. 80% w t  and p o r t i o n s  o f  hydrogenat ion 
res idue and hydrocarbon gases amounting t o  approx. 10% each. 

I n  a d d i t i o n  i t  was found t h a t  i n  t h e  case of coprocessing and, i n  p a r t i c u l a r ,  
w i th  smal l  r e a c t o r  throughputs the  abso lu te  values o f  o i l  y i e l d s  obtained 
from t h e  m i x t u r e  were higher than t h e  comparative amounts i n  r e s i d u a l  o i l  
hydrogenation. It i s  an unexpected r e s u l t  s ince w i t h  approx. 48% w t  the  
o i l  y i e l d s  i n  convent ional  l i g n i t e  l i q u e f a c t i o n  are  much lower than those 
obtained i n  r e s i d u a l  o i l  conversion. So, if t h e  o i l  y i e l d s  f rom coprocessing 
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were c a l c u l a t e d  t h e o r e t i c a l l y ,  t h e  r e s u l t i n g  values would be always lower 
than those i n  r e s i d u a l  o i l  hydrogenation. This  r e s u l t  i s  shown i n  F i g u r e  8. 

The bar graph shows y i e l d s  which were ob ta ined under equal r e a c t i o n  c o n d i t i o n s  
i n  r e s i d u a l  o i l  hydrogenation, coprocessing and l i g n i t e  l i q u e f a c t i o n .  
I n  the  case o f  coprocessing, we s p e c i f i e d  n o t  o n l y  the  f i g u r e  o f  t h e  y i e l d  
d i s t r i b u t i o n  determined exper imenta l l y  i n  t h e  process development u n i t ,  
bu t  a lso t h e  r e s u l t  obtained t h e o r e t i c a l l y .  

F igure  8 shows t h a t  under the  g iven r e a c t i o n  c o n d i t i o n s  the  o i l  y i e l d  o f  
coprocessing determined exper i inen ta l l y  i s  n o t  o n l y  much higher than suggested 
by the  t h e o r e t i c a l  c a l c u l a t i o n  on t h e  bas is  o f  t h e  r e s u l t  obtained i n  separate 
hydrogenation o f  r e s i d u a l  o i l s  and coal ;  i n  absolute f i g u r e s ,  i t  i s  even 
comparable t o  t h e  o i l  y i e l d  i n  r e s i d u a l  o i l  conversion. 

Due t o  t h e  o i l  y i e l d s  which i n  p r a c t i c a l  opera t ion  are h igher  than expected 
i n  theory  we o b t a i n  a des i red  r e d u c t i o n  i n  the  q l ;ant i t ies  o f  hydrogenat ion 
res idue and gaseous hydrocarbons. Since these gases are unwanted products 
which are  formed by using expensive hydrogen, i t  can be considered another 
advantage o f  coprocessing. 
The s y n e r g i s t i c  behaviour was observed over the  e n t i r e  temperature range 
and w i t h  v a r y i n g  r e a c t o r  throughputs,  and i t  was v e r i f i e d  under a l l  r e a c t i o n  
cond i t ions .  The synergism was a l l  t h e  more pronounced, the  smal le r  t h e  r e a c t o r  
throughput 'was. 
Th is  e f f e c t  inay be due t o  the  heavy metal con ten ts  i n  t h e  r e s i d u a l  o i l .  
The heavy metals can be expected t o  have a c a t a l y t i c  e f f e c t  on l i g n i t e  l i q u e -  
f a c t i o n  as we l l .  It i s  a lso  conceivable t h a t  l i g n i t e  or  i t s  ash w i l l  cata- 
l y t i c a l l y  a c t  on r e s i d u a l  o i l  hydrogenat ion.  

I n  the  course o f  our work on coprocessing we determined not  on ly  t h e  y i e l d  
d i s t r i b u t i o n  and t h e  q u a l i t y  o f  t h e  products;  fur thermore, we c r i t i c a l l y  
examined t h e  opera t ing  performance o f  t h e  p l a n t ,  e s p e c i a l l y  i n  respec t  o f  
coke deposi ts.  
Dur ing coprocessing no coke depos i ts  were observed i n  the  reac tors .  N e i t h e r  
d i d  we de tec t  t h e  fo rmat ion  o f  ca lc ium carbonate-containing sediments known 
f rom l i g n i t e  l i q u e f a c t i o n .  Obviously, t h e  r e s i d u a l  o i l  which can c a r r y  t h e  
s o l i d s  p a r t i c l e s  away prevents t h e  f o r m a t i o n  o f  deposi ts i n  the  r e a c t i o n  
zone which have always g iven r i s e  t o  coking. Dur ing the  above i n v e s t i g a t i o n s  
of l i g n i t e  l i q u e f a c t i o n  a s i m i l a r  e f f e c t  was produced by p a r t i a l  r e c y c l i n g  
of tine h o t  separator sludge. 

As already mentioned, coprocessing coinpared w i t h  coal  l i q u e f a c t i o n  alone 
has the  cons iderab le  advantage o f  making s l u r r y  o i l  c y c l i n g  superf luous. 
I n  coprocessing, t h e  r e s i d u a l  o i l  a c t s  as s l u r r y  o i l  t h a t ,  on i t s  p a r t ,  
is converted i n t o  l o w e r - b o i l i n g  products.  I n  t h e  case o f  l i g n i t e  l i q u e f a c t i o n ,  
'the por t i o r :  o f  c y c l e  o i l  amounts t o  some 1.5 t per  tonne o f  d ry  l i g n i t e  
fed. As an " i n e r t  f low"  t n i s  p o r t i o n  takes up a major p a r t  o f  t h e  r e a c t o r  
volume which i n  t h e  case o f  coprocessing can be u t i l i z e d  f o r  f u r t h e r  conversion. 

Th is  permi ts  h igher  s p e c i f i c  conversion r a t e s  r e l a t i v e  t o  t h e  r e a c t i o n  volume. 
Therefore, coprocessing i s  expected 'io reach i t s  commercial v i a b i l i t y  e a r l i e r  
than coal  l i q u e f a c t i o n .  

F igure  9 shows i n  q u a n t i t a t i v e  terms how t h e  r e a c t i o n  volume i s  u t i l i z e d  
f o r  l i g n i t e  l i q u e f a c t i o n ,  hydrogenat ion o f  r e s i d u a l  o i l  and coprocessing. 
The mass f lows s p e c i f i e d  f o r  feed and o i l  y i e l d  a re  q u a n t i t i e s  r e l a t e d  t o  
t h e  same r e a c t i o n  volume, and thus s p e c i f i c  q u a n t i t i e s .  Two r e s u l t s  a re  
g iven f o r  coprocessing. On the  one hand, it i s  t h e  y i e l d  d i s t r i b u t i o n  ob ta ined 
i n  the  process development u n i t ,  and, on t h e  o ther  hand, t h e  r e s u l t  achieved 
by way o f  t h e o r e t i c a l  c a l c u l a t i o n .  The o i l  y i e l d  which i n  p r a c t i c a l  o p e r a t i o n  
i s  higher than expected i n  theory  can be a t t r i b u t e d  t o  a s y n e r g i s t i c  coopera t ion  
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o f  the  components o f  l i g n i t e  and r e s i d u a l  o i l s .  For  t h e  sake o f  comparison, 
F igure  9 shows t h e  data o f  a " two- l iqu id -phase mode" obtained i n  two separate 
p lan ts  o f  t h e  same s i z e  f o r  coal  l i q u e f a c t i o n  and r e s i d u a l  o i l  hydrogenation. 

The comparison o f  t h e  r e l a t i v e  s p e c i f i c  o i l  y i e l d s  shown i n  F igure  9 i l l u s t r a t e s  
t h e  cons iderab le  advantage o f  coprocessing over coal  l i q u e f a c t i o n  alone. 
I n  coprocessing, t h e  s p e c i f i c  o i l  y i e l d  determined exper imenta l l y  i s  3.5 
t imes h igher  than i n  coa l  l i q u e f a c t i o n .  I n  a t h e o r e t i c a l  c a l c u l a t i o n ,  a 
value o f  3.2 i s  obtained. 

When compared w i t h  the  " two- l iquid-phase mode", coprocessing has some advantages 
as we l l .  For  example, t h e  r e l a t i v e  o i l  y i e l d  i s  3.2 ( t h e o r e t i c a l )  and 3.5 
( p r a c t i c a l )  as aga ins t  2.3 i n  the  case o f  t h e  " two- l iquid-phase mode". 

Apart f rom t h e  advantages o f  coprocessing mentioned be fore  account must 
be taken o f  the  f a c t  t h a t  t h e  q u a l i t y  o f  t h e  o i l s  produced i s  s l i g h t l y  i n f e r i o r  
t o  t h a t  f rom r e s i d u a l  o i l  conversion alone. Depending on t h e  b o i l i n g  range 
and conversion r a t e ,  t h e  o i l s  s t i l l  con ta in  oxygen o f  up t o  about 2% w t .  
Due t o  t h e  oxygen conten t  o f  l i g n i t e  and t h e  increased fo rmat ion  o f  gaseous 
hydrocarbons dur ing  l i g n i t e  l i q u e f a c t i o n  i t  i s  q u i t e  understandable t h a t  
the  chemical Hz consumption i n  coprocessing i s  somewhat h igher  than f o r  
res idua l  o i l  hydrogenat ion.  

I n  order t o  cor robora te  the  f i n d i n g s  gained so f a r  the  coprocessing t e s t s  
on a process-development sca le  w i l l  be cont inued w i t h i n  t h e  scope o f  a fo l low-up 
p r o j e c t  f i n a n c i a l l y  supported by t h e  Federal M i n i s t r y  o f  Research and Technology. 

8 OUTLOOK 

Hydrogenation o f  r e s i d u a l  o i l  and coprocessing have the  advantage o f  producing 
an o i l  y i e l d  i n  a l iqu id -phase p l a n t  o f  the  same s i z e  which i s  about t h r e e  
t imes h igher  than i n  t h e  case o f  coal  hydrogenat ion alone. Th is  i s  due t o  
the  f a c t  t h a t  c y c l i n g  o f  s l u r r y  o i l  i s  no longer  requ i red .  Almost t h e  e n t i r e  
feedstock can be processed i n t o  usable products.  

I f  we compare p l a n t  s izes  and process steps r e q u i r e d  f o r  l iqu id -phase hydro- 
genat ion o f  r e s i d u a l  o i l s  f rom mineral  o i l  processing and those f o r  mix tu res  
o f  d ry  l i g n i t e  and r e s i d u a l  o i l s  w i t h  hydrogenat ion o f  l i g n i t e  alone, t h e  
r e s u l t  w i l l  be as f o l l o w s :  

- processing o f  mix tu res  of d ry  l i g n i t e  and r e s i d u a l  o i l s  c a l l s  f o r  a d d i t i o n a l  
process stages, v i z .  s l u r r y i n g  and waste water t reatment;  

- due t o  a throughput which i s  about t h r e e  t imes higher i n  coprocessing 
than i n  l i g n i t e  hydrogenat ion alone, coprocessing permi ts  t h e  use o f  down- 
stream conversion steps w i t h  comparable dimensions t o  those r e q u i r e d  f o r  
downstream conversion o f  r e s i d u a l  o i  1s; 

- thus, coprocessing w i l l  c a l l  f o r  lower s p e c i f i c  c a p i t a l  expendi ture than 
hydrogenation o f  l i g n i t e  alone. 

Figure 10 g ives  a q u a l i t a t i v e  comparison o f  t h e  product cos ts  a r i s i n g  i n  
l i g n i t e  hydrogenat ion,  coprocessing and r e s i d u a l  o i l  hydrogenat ion as a 
f u n c t i o n  o f  t h e  c o s t s  a r i s i n g  f o r  t h e  feedstock.  

F igure  10 shows t h a t  r e s i d u a l  o i l  hydrogenat ion w i l l  reach t h e  t h r e s h o l d  
o f  p r o f i t a b i l i t y  e a r l i e r  than coprocessing, w h i l e  hydrogenat ion o f  l i g n i t e  
alone which migh t  become a p o t e n t i a l l y  impor tan t  market f o r  coal  i n  f u t u r e ,  
w i l l  probably take  much longer t o  reach p r o f i t a b i l i t y .  

I n  add i t ion ,  F igure  10 shows t h a t  w i t h  t h e  r e l a t i v e l y  expensive r e s i d u a l  
o i l  and the  r e l a t i v e l y  low-pr iced  coal  coprocessing w i l l  i n v o l v e  lower product 
costs than r e s i d u a l  o i l  hydrogenation. 
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This  expected graduat ion i n  t ime i s  r e f l e c t e d  i n  t h e  development programme 
on hydrogenation o f  f o s s i l  raw m a t e r i a l s ,  which has been pursued by Rheinbraun 
and Union K r a f t s t o f f .  As a f i r s t  step, a l iqu id -phase hydrogenation p l a n t  
i s  planned f o r  res idua l  o i l .  I n  a second step, t h i s  p l a n t  can be extended 
t o  permi t  coprocessing. Coprocessing w i l l  a l l o w  impor tan t  experience t o  
be gained which i s  necessary t o  take  t h e  subsequent t h i r d  step towards hydro- 
genat ion o f  l i g n i t e  alone, w i t h o u t  r e q u i r i n g  grea t  expendi ture on a separate 
p i l o t  o r  demonstrat ion phase f o r  l i g n i t e  l i q u e f a c t i o n .  
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